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An approach to form planar structures based on ferromagnetic Fe1 − xSix ﬁlms is presented. Epitaxial Fe1 − xSix iron-silicon alloy 
ﬁlms with diﬀerent silicon content (x = 0–0.4) were grown on Si(111) substrates. Structural in situ and ex situ characterization 
of the ﬁlms obtained was made by X-ray diﬀraction, reﬂective high-energy electron diﬀraction, Rutherford backscattering 
spectrometry and transmission electron microscopy, which conﬁrmed single crystallinity and interface abruptness for all ﬁlms. 
Etching rates in the wet etchant (HF: HNO3: H2O = 1: 2: 400) for the ﬁlms with various chemical composition were obtained. 
A nonmonotonic dependence of the etching rate on silicon content with a maximum for the composition Fe0.92Si0.08 was 
discovered. Moreover, the etching process is vertical and selective in the etching solution, i.e., the etching process takes place 
only in silicide ﬁlm and does not aﬀect substrate. As an example, a four-terminal planar structure was made of 
Fe0.75Si0.25/Si(111) structure using the etching rate obtained for this silicon content. Magneto-optical Kerr eﬀect (MOKE) 
microscopy and transport properties characterization indicated successful etching process.  
1. Introduction  
At present, iron silicides are under intensive research in connection with their 
prospective use in diﬀerent ﬁelds of electronics. Semiconducting iron silicide 
β-FeSi2 attracts attention due to its potential application as a material for light 
emitting diodes and as a thermoelectric material [1,2]. Moreover, a direct 
band gap observed of  





cmare favorable for photovoltaic utilization. Silicides with higher iron 
content, particularly Fe3Si phase, is the most interesting for spintronics 
application. The Fe3Si silicide has a relatively high Curie temperature of 
approximately 840 °C and a high degree of spin polarization of conduction 
electrons [6]. Besides, Fe3Si lattice parameter of 0.564 nm [7] allows for 
performing epitaxial growth on semiconductor substrates of GaAs [8],Ge 
[9],Si [10,11] and on dielectric MgO(001) substrates [12] or on a 
several-nanometer-thick MgO tunneling barrier on GaAs(001) [13], which 
can improve spin injection eﬃciency into semiconductor. Moreover, the 
magnetic and electronic  
properties of such iron-rich epitaxial Fe1 − xSix thin ﬁlms (x=0–0.4) can be 
tuned by varying the chemical order [14,15]. In these crystalline systems, 
three diﬀerent bcc-like structures (D03, B2, A2), each with a diﬀerent degree 
of chemical order, are possible. The A2 structure is a chemically disordered 
random bcc solid solution, and the B2 structure is a partially ordered CsCl 
structure with Fe on the cube corner sites, and Fe/Si randomly arranged on the 
body center sites. Finally, the D03 structure is chemically ordered with Fe on 
the cube corners and Fe and Si alternating in the body centers [16]. In 
particular, increasing silicon content leads to a decrease in the carrier 
concentration, which is important in the context of the resistivity mismatch in 
spin transistors devices without an oxide tunnel barrier [17]. Moreover, this 
can also bring about a larger magneto-optical Kerr eﬀect than in case of 
bcc-Fe, that is crucial for magnetophotonic applications [18]. Thus, compat-
ibility with semiconductor technology, non-toxicity, and abundance in the 
Earth's crust make iron-silicon alloy ﬁlms an attractive candidate for many 
uses in electronics. It is clear that creation of various functional electronic and 
photonics devices implies a formation of diﬀerent  
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silicide layer topologies and requires controlled etching of the ﬁlms with 
diﬀerent silicon content. However, the question of wet chemical etching rates 
of the epitaxial Fe1 − xSix alloy ﬁlms has not been enlightened enough in the 
literature available [19].  
In this work, we present an easy way to fabricate planar multi-terminal 
structures based on epitaxial thin ﬁlms Fe1 − xSix/Si(111) with diﬀerent silicon 
content (0 < x < 0.4) by photolithography and wet chemical etching. 
Structural, magneto-optical and transport properties are presented for 
characterization and control of test four-terminal Fe0.75Si0.25/Si(111) planar 
structure fabrication.  
2. Experiment  
The Fe1 − xSix ﬁlms were formed on 1°-miscut vicinal n-doped Si  
(111) substrate (ρ = 7.5 Ω cm) at 400 K by molecular beam epitaxy (MBE) in 
ultrahigh vacuum conditions (UHV) [20]. Details of the epitaxial iron silicide 
synthesis technology with the DO3 structure were described previously 
[10].Diﬀerent chemical composition of the Fe1 − xSix alloy ﬁlms (0 < x < 0.4) 
was achieved through co-deposition of iron and silicon by varying Fe and Si 
ﬂow ratio. Thus, eight samples with diﬀerent Si content were obtained (0 < x 
< 0.4). Correspondence of the sample number is listed below in Table 1. 
Epitaxial ﬁlm growth was controlled in situ by reﬂection high-energy electron 
diﬀraction (RHEED) and ex situ X-ray diﬀraction (XRD) analysis. In 
addition, the structural properties of the ﬁlms were investigated by 
transmission electron microscopy (TEM) and atomic force microscopy 
(AFM). The crystallinity of the layers grown was quantitatively investigated 
using Rutherford backscattering spectrometry (RBS) channeling 
measurements. The chemical composition of the samples was veriﬁed by both 
RBS and XRD methods. To form a multi-terminal planar structure – 
conventional photolithography and wet chemical etching with constant 
agitation and temperature of 22 °C in a liquid mixture of hydroﬂuoric acid and 
nitric acid (HF: HNO3:H2O = 1: 2: 400 at 22 °C) [19] were utilized. Control 
of the etching process was performed using atomic force microscopy (AFM) 
and magneto-optical Kerr eﬀect (MOKE) microscopy with the help of 
NanoMOKE 2 installation. Test transport properties measurements of 
Fe0.75Si0.25 ﬁlm and Fe0.75Si0.25-based planar structure were performed at 
cryogenic probe station Lakeshore EMPX-HF 2 and home built facility [21] 
equipped with a helium cryostat and KEITHLEY-2634 current/voltage source 
meter in the temperature range from 4.2 K to 300 K.  
3. Results and discussions  
X-ray diﬀraction (XRD) analysis was performed on a PANalytical X'Pert 
PRO diﬀractometer equipped with a solid state detector PIXcel on Cu Ka 
radiation. The in-plane epitaxial orientation was analyzed using asymmetrical 
φ-scans of reﬂections {224} from the Fe1 − xSix alloy ﬁlms and Si-substrate. 
Typical φ-scan for the sample No. 3 (Fig. 1b) reveals the following 
orientation relationship: Fe0.75Si0.25  
Table 1  
Parameters of the epitaxial Fe1 − xSix ﬁlms.  
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(111) [1–21]||Si(111) [11–2] and shows no twinning. An appearance of a 
double peak on φ-scan for reﬂections {224} from the substrate is due to the 
splitting of Kα1,2. For one of the peaks, Kα2 is not visible because due to the 
fact that the substrate surface Si(111) has a miscut angle of 1° and as a result 
diﬀraction angle changes during the rotation. For the crystal structure 
analysis, a series of characteristic reﬂections 111, 222, 333 and 444 from the 
Fe0.75Si0.25 ﬁlm (sample No. 3) were measured (Fig. 1(a)). An additional tilt of 
1° was applied to reduce the Si(111) reﬂection. The cubic (Fm3m) lattice 
parameter a = 5.666(1) Å was determined from the XRD pattern by the 
derivative diﬀerence minimization method [22]. The silicon content of the Fe1 
− xSix alloy ﬁlms was obtained by estimation of speciﬁc volume for one silicon 
atom in the Fe1 − xSix unit cell. Crystal quality and chemical composition of the 
epitaxial Fe1 − xSix alloy ﬁlms were studied with the RBS method in 
combination with the channeling on accelerator HVEE AN-2500 (analytical 
equipment of M.V. Lomonosov Moscow State University, Skobeltsyn 
Institute of Nuclear Physics). Analyzing energy beam of helium ions He
+ 
was 
1.8 MeV at a scattering angle of 165° relative to the direction of propagation 
of the beam. Each sample was studied in two modes: the beam incident is 
parallel to the crystallographic axis 
 〈111〉 direction and parallel to the direction not containing open channels, 
i.e., oblique〈111〉 direction. The〈111〉 direction in the crystal was 
determined according to a measurement of output backscattering ions in the 
sample dependent on a change of beam angle incidence. Typical RBS spectra 
for Fe1 − xSix alloy ﬁlms (sample No. 3) are shown in Fig.2(b). The minimum 
yield of backscattered He ions χmin of 19.5% was obtained for Fe0.75Si0.25 alloy 
ﬁlm from the ratio of the amplitude of Fe signal for the channeling spectrum 
to that for the random spectrum. The value obtained is comparable to the χmin 
reported earlier by Y. Maeda et al. [23] and approximately two times lower 
than the value achieved in work [24], which indicates high crystal quality of 
the ﬁlm. Thus, comparison of the data on the chemical composition of the Fe1 
− xSix alloy ﬁlms obtained by both XRD and RBS methods indicates their good 
agreement (Fig. 2). Chemical composition values of the Fe1 − xSix are listed in 
Table 1. Since the results obtained by XRD method are more representative 
than those one obtained by the RBS method, we chose them for further use in 
the article. Thus, X-ray irradiation examines a bigger area of the samples in 
comparison to the case of RBS method, where an analyzed area was about 
only 1 mm.  
 
Cross-sections of the ﬁlms obtained were prepared using a focused ion beam 
(FIB) FB-2100 (Hitachi, Japan) installation for electron microscopic 
investigations. Typical TEM images along the zone axis [110] for two Fe1 − 
xSix alloy (x = 0.25, 0.17) compounds are shown in Fig. 3  
 
(a) and Fig. 3 (b). As can be seen from the ﬁgure the ﬁlms are uniform and do 
not contain diﬀerently oriented grains, a roughness of the ﬁlm surface is about 
2–3 nm. Additionally, one can see the sharp and smooth interface between the 
ﬁlm and substrate without interdiﬀusion layer, which indicates high crystal 
quality of the samples. Electron diﬀraction patterns showed on Fig. 3(c) and 
Fig. 3(d) demonstrate diﬀraction peaks from the iron silicide and silicon and 
conﬁrm the result obtained by XRD. Typical surface morphology obtained by 
AFM is shown in Fig. 3(e). As-grown ﬁlm roughness Ra rises from 0.5 nm for 
Si  
 
(111) substrate to 1–3 nm for the ﬁlms with diﬀerent silicon content (see 
Table 1), which conﬁrms TEM results.  
After the characterization, we moved to the etching process in order to create 
planar structure. The mask was coated using the standard photolithography 
method to perform further etching operation. Processing of the samples in 
nitric acid solution did not produce satisfactory results. The epitaxial Fe1 − xSix 
alloy ﬁlms with diﬀerent x value did not etch equally well. The best etching 
uniformity is achieved when adding hydroﬂuoric acid. Film area coated with 
photoresist was protected from etching (acid) solution while the rest of the 
ﬁlm was removed in a suitable solution of hydroﬂuoric acid and nitric acid 
HF: HNO3:H2O = 1: 2: 400 [19]. Surface treatment was carried out in the 
etching solution with constant agitation and temperature of 22 °C followed by 
washing in distilled water. Etching rate for each chemical  
 
No.  Chemical  Thickness, Å  Etching  Average  
sample  composition   rate υ, Å/s  roughness of as- 
number  (according to XRD)    grown ﬁlm  
    Ra(nm)  
 Fe, at.%  Si, at.%     
1  60  40  700  1.8  1.24  
2  67.2  32.8  524  9.1  1.45  
3  74.7  25.3  686  51.8  1.13  
4  82.7  17.3  1000  88.0  2.19  
5  85.1  15.9  967  95.1  2.46  
6  92  8  884  170.6  2.35  
7  96.8  3.2  1008  152.7  2.30  
8  100  0  250  52.6  1.17  
A.S. Tarasov et al. Thin Solid Films 642 (2017) 20–24  
Fig. 1. Observed XRD patterns for four characteristic diffraction 
peaks of Fe0.75Si0.25 (a). 2D–images for φ-scans of reﬂections {224} 




composition of the Fe1 − xSix alloy ﬁlms is given in Table 1. A non-monotonic 
dependence of the etching rate on silicon content was discovered. The rate 
rises with decreasing silicon content and reaches a maximum at Fe0.92Si0.08 
composition then drops sharply. Thus, the solution utilized is the most 
eﬀective for Fe0.92Si0.08 chemical composition and can be successfully applied 
to other compounds including pure iron. We assume that etching mechanism 
is similar to the etching process involving aqua regia, where the oxidative 
action of nitric acid is enhanced in the presence of hydrochloric acid. In our 
case, the hydrochloric acid was replaced to hydroﬂuoric one, which includes 
more active a ﬂuorine ion (which, like chlorine, is an oxidizing agent). A 
presence of strong acids in the etching solution provides etching process. In 
turn, a large amount of water reduces a concentration of the reactants for 
precise and accurate etching.  
In addition, to control the etching process a vertical etching proﬁle and 
roughness of the boundary were measured by AFM after the ﬁlm removal 
process. Main diﬃculties of the wet chemical etching are deviation of side 
walls etched out from the normal proﬁle, etching wedge formation and 
dissolving of the material under a protective mask. In order to carry out AFM 
measurements, we used a super-shard cantilever (NSG30_SS, © TipsNano) 
with a tip curvature radius of < 5 nm. Taking into account the thickness of the 
ﬁlm and applying the procedure for reconstructing the probe, we can conclude 
that the angles of the side walls do not exceed 3°. As seen in Fig. 4 etching 
occurs vertically, which provides high-quality structures. Moreover, we 
compared as-grown ﬁlms roughness Ra with the roughness of completely 
etched area Ra
e 







are equal but lower than Ra, which suggests that ﬁlms are 
completely etched and the etching process takes place only in silicide ﬁlm and 
does not aﬀect substrate. This solution is valid only for Fe1 − xSix alloy ﬁlms 
without etching silicon substrate. We also fabricated a multi-terminal planar 
structure based on Fe0.75Si0.25 ﬁlm and carried out an additional experiment to 
conﬁrm this assumption.  
Four-terminal planar structure (Fig. 5) was made of the Fe0.75Si0.25/ Si(111) 
sample using the etching rate obtained for the chemical composition given. 
Complementary veriﬁcation of successful etching process was probed by 
MOKE microscopy. This technique is useful to  
Fig. 3. Common structure properties of Fe1 − xSix grown 
on Si (111). Cross-sectional TEM (a, b) images of two 
composition of Fe1 − xSi1 − x. The electron diﬀraction 
pattern of Fe0.8Si0.02 (c) and Si (d). The zone axis is 
parallel to [110] directions. Typical AFM image (e) of the 
sample surface.  
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Fig. 4. AFM image (a) and 1-D proﬁle (b) of device Fe0.75Si0.25/Si(111) etched.  
determine whether a ferromagnetic material is left on the substrate after the 
etching. Fig. 5(a) shows a “magnetic map” of the planar structure indicating 
Kerr signal surface distribution in the magnetic ﬁeld of 250 Oe with 3 μm 
resolution. Here one can see ferromagnetic electrodes, whose hysteresis loop 
is shown in the Fig. 5(b) (left axis), and diamagnetic silicon with linear 
magneto-optical signal (Fig. 5(b) (right axis)). This data conﬁrms the 
Fe0.75Si0.25 ﬁlm was completely etched in the area where the photoresist mask 
was absent, and only the electrodes are ferromagnetic. It should be noted, that 
probe laser spot diameter was about 5 μm, whereas map pixel was equal 3 
μm. Therefore, during the scanning process of electrode edges, the probe laser 
spot fell on both Fe0.75Si0.25 and Si surfaces, which resulted in that a color 
gradient between the Fe0.75Si0.25 and Si areas are observed instead only two 
colors, which should be over the whole map. Nevertheless, MOKE signal 
from Fe0.75Si0.25 electrode surface is practically constant which proves (i) high 
ﬁlm quality and (ii) high Fe0.75Si0.25 ﬁlm protection by the mask during the 
etching.  
One should take into account that below some thicknesses an iron-silicon 
alloy ﬁlm can represent small separated islands on the silicon surface. Such 
Fe0.75Si0.25 islands are expected to be superparamagnetic, which requires a higher 
magnetic ﬁeld to reach saturation magnetization than it was used for the 
MOKE mapping (250 Oe). Thus, as additional evidence of successful etching, 
the transport characteristic measurements of the Fe0.75Si0.25 ﬁlms and 
Fe0.75Si0.25-based planar structure were carried out. In case if the ﬁlm was not 
completely etched, a metallic-like behavior of the planar structure resistivity 
should be expected. Temperature dependence of the resistance of two samples 
is shown in Fig. 6. At investigated temperature region, the Fe0.75Si0.25 ﬁlm 
resistance demonstrates a typical metallic behavior as expected. Besides, the 
resistivity value rises from 55 μOhm·cm at 4.2 K to 120 μOhm·cm at 300 K, 
which is comparable with other reported results [8,25]. One can easily see a 
knee (Fig. 6 black curve) observed around 250 K. It may be interpreted as 
current channel switching. Such phenomenon was found in di ﬀerent  ﬁlms 
like Cu80Co20 [26],Fe3O4 [27],Fe [28], LSMO [29] and other conductive ﬁlms 
grown on Si substrate. The electrical current in structure measured with 
current in plane geometry shunt by Si bulk at high temperature, which 
depends on doping concentration and bias current. It can be explained as 
follows, if  
substrate resistivity is relatively low, as in our case, part of electrons from 
metal ﬁlm switch to silicon via thermionic emission process and current ﬂows 
simultaneously in silicon and a conductive ﬁlm. In equivalent circuit appears 
additional resistor in parallel mode. Consequently, the overall resistance 
drops. Conversely, the temperature dependence of the planar structure 
resistivity with 5 μm gap between electrodes is semiconducting. An 
exponential growth of resistivity with a decrease of the temperature is 
observed, which is due to impurity charge carrier freeze-out. Furthermore, the 
planar structure resistivity value at room temperature is greater by four orders 
of the magnitude comparing to the ﬁlm. Thus, through the MOKE microscopy 
and the resistivity data, we can conclude that ferromagnetic and metallic 





Fig. 5. Device surface distribution of the Kerr rotation angle in the 
magnetic ﬁeld (a), Fe0.75Si0.25 MOKE hysteresis loop (b). Optical 
image of Fe0.75Si0.25/Si(111) 4-terminal planar device (c).  
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4. Conclusions  
To conclude, we oﬀer a simple and accessible approach for fabrication of 
multi-terminal planar structures based on ferromagnetic epitaxial Fe1 − xSix 
alloy ﬁlms on Si(111). This approach includes two stages, conventional 
photolithography, and wet chemical etching. Information on etching process 
and etching rates of the Fe1 − xSix (0 < x <0.4) alloy ﬁlms in solution HF: 
HNO3:H2O = 1: 2: 400 along with their structural characteristics obtained in 
this work can be useful for researchers with interest in the science and 
technology of silicides and related materials. The approach described can be 
used for manufacturing of a necessary topology from a wide range of silicides 
for further application in optoelectronics, photonics, and spintronics.  
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